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Abstract
Tolerance for acute ammonia exposure, defined to exist between NOEC (no observed
effect concentration) and LOEC (lowest observed effect concentration), was validated in
seven exposure experiments with Atlantic cod larvae from 15 to 63 days post-hatch,
corresponding to larval sizes of 0.2 to 4.9 mg dry weight, respectively. LOEC was found
in the range of 0.019–0.082 mg L−1 NH3-N, with corresponding NOECs of 0.013–
0.045 mg L−1 NH3-N. Cod larvae of 1.0 and 1.7 mg dry weight (33 and 42 days after
hatching) were found to be most sensitive and had the highest mortality to acute ammonia
exposure, indicating ontogenetic changes in ammonia tolerance. The results suggest that
specific care needs to be taken in designing and monitoring rearing systems, particularly
recirculation systems, for toxic ammonia levels regarding larval rearing of Atlantic cod.
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Introduction
Development of commercial fish farming requires controlled and predictable production of
juveniles. For many marine fish species, larval and juvenile production methods have devel-
oped into high-density intensive systems, with a recent increasing interest for recirculation
aquaculture systems (RAS). This intensification elevates the risk of larval and juvenile fish to
be exposed to deteriorated water quality from accumulation of harmful metabolites, of which
ammonia is of prime concern.
Ammonia is a special case in toxicology since it is both an environmental toxicant and a
waste product from living organisms. Fish, particularly their larvae, produces ammonia mainly
through amino acid and nucleotide catabolism (Wright and Fyhn 2001). In open flow-through
Aquaculture International
https://doi.org/10.1007/s10499-020-00555-8
* Terje van der Meeren
Terje.van.der.Meeren@hi.no
1 Institute of Marine Research, Austevoll Research Station, Sauganeset 16, NO-5392 Storebø, Norway
aquaculture systems where the water is constantly renewed from an uncontaminated source,
toxic ammonia levels are avoided by sufficient flow rate. However, in RAS ammonia may
build up unless proper precautions are taken. In such rearing systems, the removal of ammonia
is primarily achieved by the bacteria Nitrosomonas sp. and Nitrobacter sp. in the presence of
water saturated with oxygen to form nitrite and nitrate, respectively. These ions are far less
toxic than ammonia (Brownell 1980; Wang et al. 2015), although build-ups of nitrate also may
be harmful (Pierce et al. 1993). With a well-working biofilter, water renewal may therefore be
reduced to only a small fraction of the total water turnover. RAS normally hold a pH lower
than clean seawater due to respiration from the concentrated biomass in RAS and production
of H+ in the first step of the nitrification process in the biofilters (Shanahan and Semmens
2015). Lower pH will cause a shift of ammonia towards the lesser toxic ionized form.
However, small increases in pH, or a dysfunctional biofilter, may cause the ammonia concen-
tration to increase rapidly into acute toxic levels.
The use of RAS in production of marine fish fry has been suggested, including for start
feeding of the cold-water species Atlantic cod (Gadus morhua L.) (Attramadal et al. 2012).
Compared with freshwater, establishment of full-grown functional biofilms in seawater RAS
takes long time (Nijhof and Bovendeur 1990), with low temperature also severely reducing
biofilter efficiency (Noble and Summerfeldt 1996). Thus, cold-water marine recirculation
systems may be particularly susceptible to ammonia accumulation. Any inadequacies in the
biofilter may increase ammonia with the potential to reach acute toxic levels and subsequent
decrease in larval fish welfare and survival.
In aqueous solutions, total ammonia nitrogen (TAN) is present as unionized ammonia
(NH3) and ionized ammonium (NH4+), and the equilibrium is dependent on pH, temperature,
and salinity (Whitfield 1974; Soderberg and Meade 1991; Eddy 2005). The NH3 fraction
increases with elevated pH and temperature and declines with increasing ionic strength. At
physiological pH, ammonia is mainly present as NH4+, but small changes in pH result in
dramatic increases of the NH3 fraction, especially around the pK ~ 9.5. NH3 moves freely
across most biological membranes, whereas NH4+ is less permeable (Cameron and Heisler
1983; Eddy 2005). Both forms of TAN are toxic, but toxicity is particularly related to NH3
concentration and becomes acute when elevated to the range of 0.09–3.35 mg L−1 NH3-N for
marine fish (Handy and Poxton 1993). Toxicity of chronic exposure occurs at lower NH3
concentrations, in the range of 5–10% of acute tolerance (Eddy 2005). Dissolved oxygen
may also influence on ammonia toxicity, as low oxygen levels increased toxicity of NH3
(Alabaster et al.1979).
Most nitrogenous waste in fish is excreted as NH3 to the ambient water by diffusion across
the cell membranes in the gills. Ammonia excretion in marine fish may also involve membrane
transporters where the excess H+ ions from cellular NH4+ are exchanged with Na+ ions,
facilitating NH3 diffusion by an acid-trapping mechanism in the tissue-water boundary layer
along with a pH drop from CO2 excretion. Recent studies also suggest direct NH4+ secretion
through membrane ion exchangers and species-specific differences among marine fishes
(reviewed by Terjesen 2008; Weihrauch et al. 2009; Wright and Wood 2012).
Elevated ammonia levels in the environment either impair ammonia excretion or cause a net
uptake of ammonia from the environment. This may cause histological damage to the gills of
fishes, which in turn may compromise gas exchange, ion regulation, and acid-base regulation
(Wilkie 2002). Elevated body concentrations of ammonia may further act on nerve conduction
and membrane transport, Na+-K+-ATPase activity, neurotransmitter metabolism, cell metabo-
lism, reactive oxygen species (ROS), Ca2+ homeostasis, and intracellular pH (Felipo and
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Butterworth 2002; Alam and Frankel 2006; Cheng et al. 2015), leading to neurotoxicity,
kidney hyperaemia, dilatation of liver structures, DNA damage, cell apoptosis, and interfer-
ence with oxidative metabolism and oxygen delivery (Wilkie 2002, Rodrigues et al. 2014;
Cheng et al. 2015). Endogenous waste products, such as carbon dioxide, may interact with
ammonia during exposure. High blood CO2 levels (hypercapnia) lead to acid-base distur-
bances in teleosts and may increase ammonia toxicity (Ip et al. 2001). Symptoms of ammonia
poisoning in fish include reduced feed intake, growth and swimming ability, as well as
hyperventilation, coma, convulsions, and death (Ip et al. 2001). Further, early life stages in
fishes may lack specialized structures for effective excretion of nitrogenous waste (Morrison
1993) and may therefore be more vulnerable to exogenous ammonia. Knowledge of both acute
and chronic ammonia tolerance in cultivated marine fish species, particularly in larval stages,
are therefore of prime interest.
Regarding cold-water species, decreased food intake and subsequent reduction of
growth has been reported in juveniles of Atlantic cod (Gadus morhua L.) chronically
exposed to NH3-N concentrations above 0.06 mg L−1 (Foss et al. 2004; Remen et al.
2008). However, no tolerance levels for acute or chronic exposure have been reported for
larval stages of this species. Consequently, the present study investigates tolerance levels




Cod larvae were obtained from autumn-spawned eggs collected from photoperiod-controlled
broodstock fish (van der Meeren and Ivannikov 2006) kept at the commercial hatchery
(Havlandet Marin Yngel AS, Florø, Norway). Newly spawned eggs were shipped to the
Institute of Marine Research, Austevoll Research Station (IMR-Austevoll). Egg incubation
and hatching methods are described in van der Meeren et al. (2007). About 60,000 3-day-old
cod larvae were reared in a flow-through system, in one 1.5-m3 black fibreglass tank with a
collar lid (peripheral cover) to shade the tank wall. Algal paste (Nannochloropsis, Reed
Mariculture Inc., Campbell, CA, USA) was supplied continuously from a header tank by
Iwaki EH/S membrane pumps (Iwaki Co. Ltd., Tokyo, Japan) to achieve green water for
enhancement of larval feeding (van der Meeren et al. 2007). Algal density was monitored by
measuring turbidity that was kept between 1 and 2 NTU (nephelometric turbidity unit) as
measured by a Hach 2100P turbidimeter (Hach Company, Loveland, CO, USA). Light was
provided through standard daylight roof-mounted luminaires with fluorescent light tubes.
Water naturally low in ammonia (< 0.0001 mg L−1 NH3-N, as calculated from TAN in 7
triplicate samples throughout the rearing period) was pumped from 160 m depth in the fjord
outside the rearing facility. This water was sand-filtered and temperature-regulated before
being aerated and supplied to the rearing tank. Water temperature in the rearing tank was raised
by a smooth transition of 1 °C increase per day from the hatching temperature of 6 to slightly
above 12°C at day 6 post-hatch (dph). Hydrographical data (means ± SD) over the rearing
period are shown in Table 2. Surface skimming and outlet sieve system used are detailed in van
der Meeren et al. (2007). All hydrographical data were collected daily by an YS1 6600 probe
(YSI Environmental, Yellow Springs, OH, USA).
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Larval rearing and feeding protocols are described in van der Meeren et al. (2007), with
adjustments in water flow rate and amounts of live feed relative to the larger tank size in the
present experiment. Rotifers (Brachionus plicatilis, Cayman strain) grown on Rotimac
(BioMarine Aquafauna Inc., Hawthorne, CA, USA) were used as live feed during the first
30 days, followed by 10 days of Artemia enriched with DHA Selco (INVE Aquaculture,
Dendermonde, Belgium). Live feed was added 2–3 times a day, depending on clearance of
larval prey in the rearing tank. Feeding was assumed to be at satiation, as some prey always
remained at the next feed addition. At 40 dph, the cod larvae were weaned on a mix of
GEMMA Micro (Skretting-Nutreco, Stavanger, Norway) and AgloNorse (Ewos AS, Bergen,
Norway). The formulated feed was added continuously by a belt feeder.
Ammonia exposure experiments
The study was carried out within the Norwegian animal welfare act guidelines, in accordance
with the Animal Welfare Act of 20 December 1974 (revised 19 June 2009), at the IMR-
Austevoll facility which has a general permission to conduct experiments involving all
developmental stages of fish (code 093) provided by the Norwegian Animal Research
Authority (FDU, www.fdu.no). The experiment was in accordance with a permission given
by FDU (FOTS ID 13907). All means to minimize larval mortality were carried out by
carefully selecting ammonia exposure concentrations.
Ranges of the ammonia concentrations were initially selected based on previous experience
with larval mortality associated with elevated ammonia levels during start feeding of cod and
Atlantic halibut (Hippoglossus hippoglossus L.) at IMR-Austevoll but also from previously
published data on other larval fish species (Brownell 1980; Guillén et al. 1993, 1994; Parra and
Yúfera 1999). The highest dosage used in any of the experiments was evaluated consecutively
from the results of the previous exposure trials in the present study. Adjustments of the
concentrations were necessary as it turned out that tolerance levels changed with larval
development. In this way, the four ammonia concentrations used in an exposure experiment
were not the same for cod larvae at different ages (Table 1).
In management of animal welfare, mortality and sub-lethal effects are to be minimized.
Therefore, an approach different than determining lethal levels of ammonia (e.g. LC50) was
chosen. Since an effect may occur at lower concentrations than would correspond to LC50,
Table 1 Ammonia concentrations (TAN, mg L−1) used in the exposure experiments (exp.1 to 7), given as mean
± SD of three replicate samples
Control Dose 1 Dose 2 Dose 3 Dose 4
Larval rearing tank 0.003 ± 0.003
Day 15 (exp.1) 0.008 * 0.12 ± 0.007 0.21 ± 0.004 0.41 ± 0.006 0.87 ± 0.009
Day 20 (exp.2) n.d. 0.33 ± 0.002 0.69 ± 0.009 1.13 ± 0.012 2.89 ± 0.237
Day 24 (exp.3) 0.002 ± 0.003 0.68 ± 0.016 0.99 ± 0.106 2.70 ± 0.053 4.93 ± 0.046
Day 33 (exp.4) 0.004 ± 0.003 0.70 ± 0.016 1.06 ± 0.114 2.89 ± 0.055 5.18 ± 0.047
Day 42 (exp.5) 0.005 ± 0.004 0.20 ± 0.003 0.41 ± 0.006 0.72 ± 0.017 1.54 ± 0.027
Day 58 (exp.6) n.d. 0.18 ± 0.001 0.43 ± 0.003 0.61 ± 0.002 1.58 ± 0.057
Day 63 (exp.7) 0.005 ± 0.001 0.67 ± 0.005 1.34 ± 0.024 2.39 ± 0.003 4.52 ± 0.026
*Only one replicate
Age denotes days post-hatch, and n.d. means not detectable. Value for larval rearing tank represents TAN in inlet
water
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tolerance was defined to exist between NOEC (no observed effect concentration) and LOEC
(lowest observed effect concentration). NOEC was the highest concentration that did not
elevate larval mortality significantly of the dose-response curve, and LOEC was correspond-
ingly the lowest concentration that spurred a significant increase in larval mortality. The use of
NOEC and LOEC has been criticized (Crane and Newman 2000) but is frequently used by
managers and agencies to establish safe limits of factors or agents affecting animal welfare.
A flow-through exposure system was chosen to prevent bias in ammonia concentration
from, e.g. excretion or bacterial activity during exposure. This biotest rig consisted of five sets
of triplicate green circular 35-l exposure tanks of PE plastic, five 40-l header tanks (one for
each triplicate) with trickling aerator above the centre of the tank and air bubbling for mixing,
and an ammonia stock solution tank equipped with a continuous dosage system of four Iwaki
EH/S membrane pumps (one for each header tank used to enrich the supplied water with
ammonia) (Fig. 1). In this way, larvae were exposed to four different ammonia concentrations
in triplicates, along with a triplicate control in which no ammonia was added. No feed or green
water that could affect ammonia concentration were used during exposure. To reduce any
build-up of biofilm, the water was drained, and the tanks were cleaned between the
experiments.
Ammonia concentrate was made from analytic grade NH4Cl (Merck, Darmstadt, Germany)
dissolved in a 5-l freshwater container before adding this to the 250-l ammonia concentrate
tank (Fig. 1). Continuous air bubbling was used to ensure proper mixing. To prevent decline in
dosage pump rate from reduced water level in the ammonia concentrate tank, another pump
was used to fill an internal level tank with overflow inside the ammonia concentrate tank. In
Fig. 1 Schematic drawing of the ammonia exposure rig system. MWS, main water supply; H1–H4, header tanks
for mixing of four different ammonia concentrations; HC, header tank for control; ACT, ammonia concentrate
tank with dosage pumps and an internal level tank with overflow for stable supply of concentrate; E1–E4, four
triplet tank series for larval ammonia exposure; C, triplet tank series for unexposed control
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this way, the dosage pumps would face constant water level on the suction side, preventing a
reduction in ammonia concentrate doses, measured to be 17% if the dosage pumps had to suck
directly from the ammonia concentrate tank. The calculated ammonia concentration from the
dosage system delivered to the exposure tanks was found to deviate 8.8% ± 9.2 (mean ± SD)
from measured ammonia concentrations over the whole range of concentrations used. Thus,
the calculated concentrations were regarded as good proxies for the actual exposure concen-
trations, and the setup of the biotest rig (Fig. 1) was evaluated as a robust system to maintain a
steady deliver of ammonia close to the desired concentrations. Exposure concentrations were
sampled and analysed mid-way in the exposure period, and only measured concentrations
were used in determining ammonia tolerance. The variability of ammonia concentration was
checked by taking three samples in triplicates through an exposure period. The coefficient of
variation of these three samples was 2.2%, indicating high stability in delivered ammonia
concentration to the exposure tanks.
Water samples were analysed for TAN content, using the salicylate-hypochlorite method
(Bower and Holm-Hansen 1980). Each sample was prepared in triplicate before analysis.
Variation coefficients between triplicates were at maximum 10% but mostly below 2%.
Absorbance of the ammonium reaction compound indophenol blue was detected by a
Shimadzu UV-160 spectrophotometer (Shimadzu Corporation, Kyoto, Japan), and TAN
content was determined from standard curves. Since the relationship between ammonium
concentration and absorbance was not linear over the ranges of TAN concentrations used,
polynomials were fitted to the standard curve data. At high TAN concentrations, samples were
diluted to 1/10 before analysis. Calculation of unionized ammonia (NH3) fraction was done
from a minor correction of Fivelstad (1988) as compiled from Whitfield (1974):
%NH3 ¼ 100= 1þ antilog 9:245þ 0:116*Ið Þ þ 0:0324* 24:85−tð Þð Þ−pHð Þð Þ
In this equation, t is temperature (°C), and I is molar ionic strength of standard sea water,
given by the formula:
I ¼ 19:9273*S= 1000−1:005109*Sð Þ
where S is salinity (‰) (Whitfield 1974). Variation in TAN among the triplicate exposure tanks
was checked in one of the experiments and found to be low (2.5% coefficient of variation).
Cod larvae were gently transferred from the rearing tank to the biotest rig at 15, 20, 24, 33,
42, 58, and 63 dph where they were exposed to ammonia for 48 h. Each exposure tank was
initially stocked with 50 larvae (except for the 2nd trial where 40 larvae were used), and
mortality was monitored over two observation periods. Larval mortality was determined by
removing dead individuals from the tank bottoms at 24 and 48 h after onset of the experiment,
giving two observation periods, 0–24 and 24–48 h after initiation of an exposure trial.
Mortality from the latter observation period was calculated from the remaining larvae at
24 h. At transfer to the exposure tanks, dry weights (DW) were determined of another 30
individuals from the rearing tank. These larvae were anesthetized and killed with an excess
dose of tricaine methanesulfonate (500 mg L−1 MS-222), rinsed in distilled water, and dried for
72 h in a Heto FD8 freeze drier (Heto-Holten AS, Allerød, Denmark). DW was determined by
a Mettler Toledo UMX2 balance (Mettler Toledo Inc., Columbus, OH, USA). Hydrographical
data was collected from each of the exposure concentrations of the experiments.
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Statistics
Within each exposure trial, mortality data was analysed with one-way ANOVA followed by
Dunnett’s post hoc test for determining if ammonia treatments were significantly higher than
the control. The mortality data, expressed as percentages, were arcsine transformed (Sokal and
Rohlf 1995) before analysis. In the ANOVA, the Hartley’s, Cochran’s C, and Bartlett’s tests for
homogeneity of variances were applied, and as 5 of the 21 exposure trials came out with
heteroscedasticity, the Dunnett’s post hoc test was replaced by the Games and Howell method
(Sokal and Rohlf 1995) for comparison of the ammonia treatments with the control in these
trials. Except for the Games and Howell method, all statistical analyses were carried out by
STATISTICA 12 (StatSoft Inc., Tulsa, OK, USA). Further, difference in mortalities between
the exposure trials, e.g. between observation periods or larval age (size), were analysed by
covariance (ANCOVA) with the ammonia concentration as the covariate, followed by Tukey’s
HSD post hoc test. A significance level of 0.05 was used in all statistical tests.
Results
Larval rearing and the exposure experiments had low variation in hydrographical condi-
tions (Table 2). In most of the exposures, mortality increased with increasing ammonia
concentration in both observation periods (Fig. 2). Except for in 33 and 42-day-old larvae
and at the highest ammonia concentrations, mortality was close to or below 20% after 24-h
exposure or 10% during the second observation period between 24 and 48 h. However, no
significant difference was found in mortality between the two observation periods
(ANCOVA, p = 0.902).
Larval mortality during both observation periods was significantly higher during the
exposure trials carried out at 33 and 42 dph (larval sizes of 1.0 and 1.7 mg DW, respectively;
Fig. 2) than in previous or later trials (ANCOVA, p < 0.001;Tukey’s HSD post hoc test,
p < 0.001).
Within each exposure trial, at specific larval ages or sizes, the highest ammonia
concentration that did not significantly elevate larval mortality (i.e. NOEC) was in the
Table 2 Hydrographical data and larval size (mean ± SD) for the larval rearing tank and the exposure experi-
ments (exp.1 to 7)
Larval size (mg DW) Temperature (°C) Salinity
(psu)
Oxygen sat. (%) pH
Larval rearing tank* – 12.18 ± 0.11 35.06 ± 0.07 97.1 ± 3.7 7.93 ± 0.09
Day 15 (exp.1) 0.211 ± 0.047 12.27 ± 0.07 34.96 ± 0.16 98.7 ± 0.4 7.89 ± 0.03
Day 20 (exp.2) 0.414 ± 0.207 12.17 ± 0.09 34.96 ± 0.12 100.0 ± 0.7 7.95 ± 0.01
Day 24 (exp.3) 0.569 ± 0.191 12.33 ± 0.19 34.98 ± 0.10 99.8 ± 0.6 7.96 ± 0.02
Day 33 (exp.4) 1.015 ± 0.183 12.30 ± 0.19 35.02 ± 0.11 102.1 ± 0.6 8.00 ± 0.02
Day 42 (exp.5) 1.678 ± 0.431 12.13 ± 0.05 34.85 ± 0.12 99.7 ± 0.4 7.99 ± 0.01
Day 58 (exp.6) 4.341 ± 1.367 12.19 ± 0.10 34.93 ± 0.12 95.8 ± 2.6 8.03 ± 0.01
Day 63 (Exp.7) 4.938 ± 1.944 11.91 ± 0.03 34.89 ± 0.11 101.1 ± 0.2 8.03 ± 0.01
*Hydrography is only shown for the period with stable rearing temperature (day 6 to day 63), after the increase of
temperature initiated at hatching
Age denotes days post-hatch
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range of 0.012 and 0.046 mg L−1 NH3-N (Table 3). As no effect was observed at the
highest ammonia concentrations used in the exposure experiments carried out at 15, 20,
and 58 dph, upper limits of tolerance could therefore not be established for cod larvae
below 0.5 mg or at 4.3 mg DW.
Actual tolerance at a specific age and larval size are found between the highest ammonia
concentration that did not give an effect on mortality and the concentration that inflicted a
significant increase in mortality (i.e. LOEC). This could be established for the exposure
experiments at 24 to 42 and 63 dph, equivalent to larval sizes 0.6 to 1.7 mg DW, and at
4.9 mg DW, respectively. For these larval ages and sizes, LOEC varied between 0.019 and
0.082 mg L−1 NH3-N (Table 3).
Fig. 2 Average mortality of larval cod at different sizes and ages, plotted on the corresponding ammonia
exposure concentrations (symbols) for 48 h (a), the first 24 h (b), and the last 24 h (c), as calculated from the
beginning of each time interval. The curves represent change in larval mortality with increasing ammonia
concentration in the exposure experiments. Error bars are standard deviations of larval mortality for three
replicate exposure tanks in the biotest rig
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Discussion
There is less information on ammonia toxicity in marine teleosts compared with freshwater species
and fewer chronic studies versus acute. The mean acute TAN toxicity reviewed for marine teleosts
(LC50 of 1.86mgL−1) suggests a higher sensitivity than in freshwater species (2.79mgL−1), perhaps
due to the higher NH4+ permeability (Ip et al. 2001; Randall and Tsui 2002). For the early life stages,
there are to our knowledge no published ammonia toxicity studies on Atlantic cod. However, for
juveniles of this species, chronic ammonia exposure affected growth negatively at 0.06–0.12mgL−1
NH3-N (Foss et al. 2004; Remen et al. 2008). In another study on young Atlantic cod juveniles,
chronic exposure showed negative effects at ammonia levels as low as 0.0018 mg L−1 NH3-N,
although this study was designed for investigating the combined impacts of several water quality
parameters and not the effect of ammonia alone (van der Meeren et al. 2011).
In four of the experiments, we succeeded in establishing tolerance intervals for acute
ammonia exposure, while in the three remaining experiments, LOEC was not encountered.
Thus, no concentration interval for ammonia tolerance could be given for cod larvae aged 15,
20, and 58 dph. In the exposures that LOEC was encountered, NOEC was found between
0.013 and 0.045 mg L−1 NH3-N, while LOEC was in the range of 0.019 to 0.082 mg L−1 NH3-
N. Among the scarce marine larval fish data on acute ammonia toxicity (Table 4), different
effect measures (ranging from NOEC to LC50), endpoint parameters (e.g. mortality, feeding
behaviour or tissue damages), environmental conditions (a range of salinities, pH, or temper-
atures), or time period of exposure (12–96 h), make it difficult to compare results. Neverthe-
less, the observed LOEC of Atlantic cod larvae are well within the ranges of LC10 and LOEC
affecting mortality found in several other marine fish larvae (Table 4). Since stressors in
larviculture of marine fish should be avoided as much as possible, the recommended maxi-
mum NH3-N concentration for acute exposure should not exceed LOEC. Thus, the present
results suggest a level below 0.013 mg L−1 NH3-N for Atlantic cod larvae.
Furthermore, the data indicates an ontogenetic shift in acute ammonia tolerance since larval
mortality at 33 and 42 dph (1.0–1.7 mg DW) was higher than for other developmental stages.
It should be noted that mortality in the unexposed controls was also highest at this stage of
development, suggesting that handling (i.e. catch of cod larvae in the rearing tank and transfer
Table 3 Tolerance of larval cod to ammonia for each observation period
Ammonia concentration (mg L−1 NH3-N)







NOEC LOEC NOEC LOEC NOEC LOEC
15 0.211 0.012 0.012 n.e. 0.012 n.e. 0.012 n.e.
20 0.414 0.046 0.046 n.e. 0.046 n.e. 0.046 n.e.
24 0.569 0.082 0.045 0.082 0.045 0.082 0.045 0.082
33 1.015 0.093 0.013 0.019 0.013 0.019 0.013 0.019
42 1.678 0.027 0.013 0.027 0.027 n.e. 0.013 0.027
58 4.341 0.031 0.031 n.e. 0.031 n.e. 0.031 n.e.
63 4.938 0.085 0.026 0.045 0.026 0.045 0.026 0.045
Actual tolerance is found somewhere in the interval between the highest concentration where no effect on
mortality was observed (NOEC) and the lowest concentration where a significant effect was observed (LOEC),
as determined from one-way ANOVAwith Dunnett’s or Games and Howell post hoc tests. Failure of detecting











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































to the exposure tanks) may have affected larval survival. However, any effect of handling will
most likely appear the first 24 h, leaving mortality during the next 24 h to be assigned to
ammonia exposure. The same change in sensitivity to ammonia with increasing age was also
observed between 24 and 48 h of exposure. Decreasing ammonia tolerance with increasing
larval age has been observed for the near-related species Pacific cod (Gadus macrocephalus)
(Wang et al. 2015) but contrasts the findings for red drum (Sciaenops ocellatus) larvae where
tolerance increased with larval age (Holt and Arnold 1983).
Most TAN studies in fish have been carried out on older juveniles or adults, which display large
differences to larval fish regarding metabolism and sites of respiration and excretion (Zimmer et al.
2017). During the late egg stages, ammonium concentrations seem to accumulate in the marine fish
embryo and decline rapidly after hatching indicating presence of mechanisms for detoxification or
higher tolerance for ammonia during the egg stage. This may be explained by the longer diffusion
distance in an encapsulated embryo comparedwith the hatched larvae. In juvenile fish, the ammonia
is mainly excreted by diffusion from the gills or by active transport through exchange mechanisms
also located in the gill epithelium (Wilkie 1997). These transport mechanisms are known to be
situated in close conjunction to chloride cells. In the early larval stages, the gills are not functional,
and the site for oxygen uptake is the body surface. Similarly, cutaneous ammonia excretionmay take
place in marine fish larvae, as suggested in a review of ammonia handling in early life stages of fish
(Zimmer et al. 2017). Marine fish larvae have been demonstrated to have chloride cells scattered all
over the body surface but mainly in the opercular area or yolk-sac membrane (Mangor-Jensen and
Adoff 1987; Kaneko et al. 2002). In the present study, the increased sensitivity to ammonia during
the period from 33 to 42 dph may be seen in connection with the transition from cutaneous ionic
regulation to functional gills, as gill filaments with chloride cells and gill lamella appear at this age
(Morrison 1993).Moreover, since themass-specific metabolic rates aremuch higher in young larval
cod comparedwith older stages, (Finn et al. 2002), this may imply elevated internal ammonia levels.
This can also be seen in older fishwhen highmetabolic rates are associatedwith feeding, swimming,
or stress (Eddy 2005). Comparedwith slow-growing older fish, vulnerability to environmental TAN
may therefore be higher in fast-growing larvae and early juveniles, but data on tolerance levels for
these early developmental stages in marine fish are scarce. The observed increase in ammonia
sensitivity also corresponds closely to larval sizes where a change from allometric to near-isometric
growth occurs in Atlantic cod (Finn et al. 2002), indicating the start of substantial changes in body
proportions. However, as routine metabolic rate in larval Atlantic cod scaled allometrically through-
out the whole period of larval development with decreasing mass-specific rates, Finn et al. (2002)
did not find any sudden change in the rate of ammonia excretion related to changes in larval size and
body proportions.
Experiments on acute ammonia exposure for temperate andwarmwater marine fish larvae have
shown effects during early development on initiation of first feeding, skin cells pathology,
cytoplasmic vacuolisation of chondrocytes, growth rate, and larval survival at NH3 concentrations
within the range of 0.0027–0.3mgL−1 (Brownell 1980; Guillén et al. 1993, 1994; Parra andYúfera
1999). The present study on Atlantic cod larvae found effects between 0.019 and 0.082 mg L−1
NH3-Nwhich is well within this range. Since safe levels of ammonia vary between species, a direct
comparison of data from other species to Atlantic cod is difficult at best. However, depending on
hatchery system andmanagement, fish larvaemight be exposed to multiple stressors, e.g. nutrition,
temperature, oxygen levels, pH, CO2 levels from respiration, microbial activity, and ammonia (van
der Meeren et al. 2011; Karlsen et al. 2015). The combined effect of such stressors may increase
sensitivity to each of these factors, leading to developmental malformations or reduced survival at
thresholds lower than expected from separate studies of the stressors. The impacts of combined
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stress effects may be strongest in the larval stages when developmental rate and mass-specific
metabolism and growth are at the maximum during the life history of fishes. Safe limits of
ammonia may therefore be specific to species and developmental stage, and setting safe limits
also requires successful management in keeping other stressors at acceptable levels. Further,
chronic ammonia exposure has not been investigated so far for Atlantic cod larvae. Chronic
exposure may occur more readily towards the end of a larval production cycle with the accumu-
lation of biomass, feed, and waste, regardless of the type of rearing system. Considering toxicity of
chronic ammonia exposure in the range of 5–10% of acute tolerance (Eddy 2005), effects of long-
time exposure should be expected to appear at the range of 0.002–0.008 mg L−1 NH3-N.
The variations in ammonia toxicity found in the present study were not followed by
histology or biochemical verifications of organ failure at tissue or cellular levels. Exposure
to acute ammonia stress during development of the ammonia detox systems (Steele et al. 2001;
Barimo et al. 2004) may result in differences in sensitivity. Such systems include both ionic
regulation and enzymes to convert ammonia to the low toxic urea (Chadwick and Wright
1999; Terjesen et al. 2008; Cameron and Heisler 1983). Of the acute toxicity effects found in
the present study, neurologic and osmoregulatory failure are the two most plausible causes of
death. However, newer molecular methods may enable more detailed studies at the gene level
of such mechanisms and other sub-lethal perturbations of ammonia stress.
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